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ABSTRACT 
This paper describes an analytical study with the purpose to gain some new understandings of the behavior of motion amplification in 
both horizontal and vertical components at liquefiable sites. By using a verified, effective-stress based nonlinear procedure, a series of 
numerical tests of a liquefiable sand deposit stmjected to simultaneous action of horizontal and vertical shaking of various levels are 
carried out. To account for the characteristics of near-source motion, realistic array records of strong motion due to the Kobe 
earthquake of 1995 are employed to produce a variety of intensities of input motion in horizontal and vertical components. An 
extensive analysis of results for various loading cases is presented and, particularly, comparisons of the motion behavior and associated 
soil response between the case of horizontal input motion only and the cast of combination of horizontal and vertical input motion are 
made. 
INTRODUCTION 
So far most studies of site response to earthquake loading have 
considered only horizontal component of shaking. For this 
case, site response is usually regarded as the consequence of 
vertical propagation of shear waves in a horizontally layered 
one-dimensional system. Although it has been long recognized 
that in reality the ground is simultaneously subjected to 
shaking in both horizontal and vertical components, there are 
few studies devoted to such more realistic casts. Apparently, 
main concerns of the existing experimental or analytical 
studies in the literature that involving vertical component of 
motion have been given to the influence of vertical excitation 
on soil liquefaction (Seed er al. 1978; Ghaboussi and Dikmen 
1981; Yoshikawa er nl. 1987). The results indicated that the 
vertical component of base excitation has a minor influence on 
the development of pore pressure and the potential of 
liquefaction, aside from causing some oscillation in the 
response of pore pressure. Probably because of this widely 
accepted understanding, there has been little attention further 
paid to the influence of vertical earthquake motion on site 
response since then. 
During the Kobe earthquake of 1995, strong vertical motion 
has been observed. For example, the three-dimensional 
borehole array records at Port Island, Kobe showed that, while 
the horizontal peak accelerations were reduced as seismic 
waves traveled from the bottom to the surface, the motion in 
vertical direction was significantly amplified at the surface, 
resulting in the ratio of peak vertical to horizontal acceleration 
at the surface as large as 1.5 to 2 (Yang and Sato 2000). 
Detailed analyses of the array records have indicated that the 
characteristics of ground motion in both horizontal and vertical 
components are closely associated with the near-surface 
liquefiable soils (Yang er al. 2000; Yang and Sato 2000). 
From the analyses several issues of interest emerge, fat 
example, what is the performance of motion amplification in 
both horizontal and vertical components at liquefiable sites 
and what is the coupling effect between the two components. 
Available knowledge related to these issues is however limited. 
A study is necessary so as to gain some new understandings of 
and insight into the issues of interest. 
In this study, a series of numerical tests of a hypothetical sand 
profile subjected to a variety of intensities of horizontal and 
vertical shaking are carried out by employing a fully coupled, 
nonlinear finite element procedure, whose predictive capability 
has been verified using the three-dimensional field 
observations, such as the records of moderate level of shaking 
due to the 1986 Lotung earthquake (Li et al. 1998) and, 
especially, the array records at a liquefied site subjected to 
strong level of ground motion due to the Kobe earthquake of 
1995 (Yang et al. 2000; Yang and Sato 2000). Concentration 
of this paper will be placed on the results of analyses in regard 
to the performance of ground motion in horizontal and vertical 
components for varieties of shaking levels. 
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NUMERICAL PROCEDURE AND CONSTITUTIVE SOIL 
MODEL 
The numerical procedure is a fully coupled, inelastic 
procedure for site response under multi-directional earthquake 
shaking (Li ef 01. 1998). which is formulated within the 
general framework of the theory of two-phase media (Biot 
1956; Zienkiewicz and Shiomi 1984). The basic assumptions 
made in the formulation are as follows: (I) the site is 
horizontally layered and it extends infinitely in horizontal 
directions, (2) the ground surface is free of stresses and the 
water tlow obeys Darcy’s law, and (3) shear and compression 
waves travel along vertical direction only. These assumptions, 
in practice, conform to free-field soil deposits that are watct 
saturated, essentially levclcd, and suh,jected to multidirectional 
earthquake shaking originating primarily from the underlying 
rock formation. 
In the present procedure a bounding surf’acc hypoplasticity 
model (Wang et al. 1990) was employed. The model was 
developed within the framework of hounding surface 
hypoplasticity (Dafalias 19X6), which characterizes 
incremental non-linearity of the stress-strain rate relations 
based on the postulation that the stress-strain rate relationship 
depends not only on the current stress state but also on the 
stress rate itself. This model is capable of realistically 
simulating the soil hchavior under a wide range of loading 
conditions, such as the compression and dilation induced 
effective stress change and the significant reduction of 
stiffness upon liquefaction, etc.. For level ground earthquake 
response problems, the model takes a reduced-order form and 
has IO model parameters to hc determined for a particular soil 
(Yang e/ crl. 2000). A more complete description of the 
constitutive model as well as the formulation of the procedure 
is beyond the scope of this paper, details may be found in the 
references mentioned previously. 
SAND DEPOSIT AND INPUT MOTION 
A hypothetical sand deposit of a thickness of I8 m, as 
illustrated in Fig. I, is used in the numerical tests. The deposit 
is assumed to rest on a rigid bedrock that is impermeable. The 
water table is specified at Im depth below the ground surface, 
at that depth the pore water is free draining. The shear wave 
velocity of the sand is considered to vary linearly with depth. 
Figure 2 shows the undrained behavior of the sand under 
cyclic simple shear, which is simulated by the hypoplasticity 
hounding surface model described previously. The basic 
properties of the sand are given in Fig. I. As can hc seen, the 
cyclic mohility effect and the significant reduction of stiffness 
associated with large shear strain upon liquefaction arc very 
well reproduced. 
The employed input motions in horizontal and vertical 
components for the analyses are shown in Fig. 3. The motions 
are taken from actual acceleration records in east-west and up- 
down directions at the depth of 32m at the horehole array site 
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at Port Island, subjected to the 199.5 Kobe earthquake. The 
peak accelerations in east-west and up-down directions were 
about 0.471 g and 0.204 g, respectively, which were strong 
enough to cause this reclaimed site liquefied extensively, as 
evidenced by sand ejection etc.. In the numerical tests, 
varieties of levels of input motion in horizontal component arc 
scaled to peak acceleration of as low as 0.02 g and as high as 
0.3 g, the vertical input motion is then scaled correspondingly. 
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RESULTS OF ANALYSES 
Amplification Behavior for Horizontal and Vertical 
Components 
In order to investigate the performance of motion 
amplification in horirontal and vertical directions and the 
influcncc of vertical base excitation, a series of cast studies 
arc carried out for the deposit sub.jected to, respectively, the 
combination of horizontal and vertical input motion and the 
horizontal input motion only. In Fig. 4a, the peak horizontal 
acceleration at the ground surface (denoted as PHA-surface) is 
presented as the function of peak horizontal acceleration at the 
base (PHA-base). To illustrate the influence of vertical 
excitation, both the case of horizontal input motion only 
(reltirred to as H only) and the case of horizontal and vertical 
input motion (referred IO as H+V) are included in this plot. In 
Fig. 4b the peak vertical acceleration at the surl‘acc is plotted 
against the peak vertical acceleration at the base. 
The results show that. for motion amplification in horizontal 
component, the influence of vertical motion seems LO be slight. 
especially when PHA-base is about below 0.2 g. In either case 
of H only or the case of H+V, almost same behavior of the 
motion amplification is observed: when the PHA-base is about 
below 0.2 g, the motion in horizontal component is amplified 
at the surface, while the amplitude of horizontal acceleration is 
reduced when the PHA-base is over the value of 0.2 g. 11 is 
interesting lo note that, in the range of relatively strong 
excitation, a little difference exists between the case of H only 
and the case of H+V. In general, when compared to the case of 
H only, the inclusion of vertical base motion seems to bc able 
to cause a reduction of peak horizontal acceleration at the 
surface, implying a coupling effect may exist between these 
two components in the range of strong motion. As far as the 
vertical motion amplification is concerned. the results shown 
in Fig. 4b indicate that, for the entire range of motion 
intensities considered, vertical molion is significantly 
amplified at the surface. No reduction in motion amplitude 
takes place when seismic waves traveling from bottom to 
surface. 
o Horizontal input motion only 
l Horizontal and vertical input motion 
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The distributions of peak acceleration with depth for three 
typical levels of input motion with PHA-base of 0. Ig, 0.2g, 
and 0.3g (denoted as Motion I, Motion 2 and Motion 3), 
respectively, are shown in Fig. S, where Fig. Sa shows the 
distribution of PHA for the case of H only, Fig. 5b shows the 
distribution of PHA for the case of H+V, and Fig. 5c shows 
the distribution ol‘PVA. Comparing Fig. Sa and Sb reveals that 
the trend of the distribution in both cases are generally very 
similar. The distribution of PHA in the case of stronger 
shaking exhibits a different behavior from that in the case 01 
low level of shaking. This difference is believed to be 
associated with non-linearity of soils. as will hc shown later. 
Whereas for vertical motion, in all three cases of motion 
considered, the distribution generally exhibit an identical 
linear manner. 
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Peak horizontal acceleration (g) 
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generally in a small nonlinear manner. For stronger levels of 
shaking (i.e. Motion 2 and 3) the transfer functions show a 
dil’ferent behavior. It is noted that high-frcqucncy components 
now are substantially reduced and the peak frequency is 
shifted to the low frequency end, about 0.6 Hz. The evaluated 
shear wave velocity is about 43m/sec, showing a significant 
reduction associated with the nonlinear behavior of soils due 
to strong shaking. By comparing Fig. 6a and 6b, it is found 
that they are generally similar, implying a minor influence of 
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A further investigation of the characteristics of transfer 
functions of the deposit for horizontal and vertical motion is of 
usefulness in understanding the behavior of motion 
amplification as described above. In Fig. 6a the transfer 
functions for horizontal motion in the case of horizontal input 
motion only are shown. The corresponding results for the case 
of H+V are illustrated in Fig. 6b. Figure 6c shows the transfer 
function for vertical motion. 
0 10 20 30 40 
Frequency (Hz) 
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The results shown in Fig. 6a indicate that, when the level of 
input motion is relatively low, the predominant frequency is 
As for the vertical motion, quite different behavior is found in 
ahout 1.7 Hz. The corresponding average shear wave velocity 
Fig. 6c. The transfer functions in all three cases of shaking 
for the deposit can be identified as around 122 m/set, slightly 
levels are generally same, with the peak frequency located 
lower than the initial shear wave velocity as shown in Fig. I. 
around at 20Hz. This frequency corresponds to the average 
This implies that for this level of shaking the soil responds 
velocity of compression wave of the deposit is about 
1500m/sec, a typical value for the water-saturated sand as 
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shown in Fig. I. The result indicates that the amplification in 
vertical component is not affected by nonlinear soil behavior 
associated with strong shaking. II also indicates that it would 
he appropriate to simulate vertical motion hascd on the 
assumption of linear soil hehavior in compression even though 
the site is sub.jected to strong level of shaking. 
Examination of the performance of the spectral ratios hetween 
horizontal and vertical components (referred to as H/V) at the 
ground surface is of interest, which may provide useful 
information on site response behavior. In Fig. 7 the spectral 
ratios HN at the surface for the three cases of motion 
intensities considered are shown. II is interesting to note that, 
when the input motion is relatively weak. the peak value of the 
ratio is higher, with the corresponding frequency around of I .7 
HL. Whereas for a stronger input motion that may cause large 
nonlinear response of soils, the peak value is reduced. with the 
corresponding frequency 0.6 HL. This performance implies 
that it would be possible to detect nonlinear soil hehavior or 
site liquefaction through the analysis of spectral ratios H/V at 
the ground surface. 
1 10 
Frequency (Hz) 
Influence of Vertical Motion on Soil Behavior 
In what follows, the influence of vertical motion on soil 
hehavior such as stress-strain histories as well as pore pressure 
buildups is investigated. Figures 8a and 8h show the pore 
pressure response at the depth 01‘ 4.5 m for the case of 
horizontal input motion only and the case of H+V, rcspectivcly. 
The PHA-base is 0. lg. The corresponding results for the 
stress-strain histories are shown in Figs. 9a and 9b. These 
results indicate that the influence of vertical excitation is slight 
on soil behavior. For pore pressure response, the inclusion 01 
vertical excitation only causes some oscillation in the response. 
This behavior is in agreement with the findings from 
experiments (e.g., Yoshikawa ef 01. 1987). Similar results for 
the influence of vertical motion are obtained for the case of 
stronger shaking with PHA-base of 0.3g. Because of limited 
space the results are not presented here. 
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SUMMARY AND CONCLUSIONS 
An analytical study has been presented to identify the 
characteristics of motion amplification in both horizontal and 
vertical components at a liquefiable deposit. The results of 
analyses are summarized as follows: 






The influence of vertical motion is in general slight on 
the amplification hehavior of horizontal component of 
motion. In either case of H only or the case of H+V, the 
motion in horizontal component is amplified at the 
ground surlhce for low levels of shaking. While for 
strong levels of input motion, the liquefaction-induced 
non-linearity often prevent the horbontal acceleration 
from developing peak values as large as those input a( the 
base. 
The behavior of motion amplification in vertical 
component differs considerably from thal in horizontal 
component. For all the cases of shaking lcvcls considered, 
the motion in vertical component is found to he 
significantly amplified al the surface. No reduction in 
motion amplitude takes place when seismic waves 
traveling from the base IO the surface, cvcn though soil 
liqucfaclion takes place as the result of strong shaking. 
The transfer function for vertical component is likely to 
he independent of the intensity of shaking or nonlinear 
soil behavior, implying that the approach to simulate 
vertical motion based on the assumption of linear 
behavior would be appropriate even if the site may be 
subjected IO strong level of shaking. 
The inclusion of vertical motion produces a minor 
influence on stress-strain histories as well as pore 
pressure buildups, aside from causing sonic oscillation in 
the response of pore pressure. This result agrees with 
previous findings that the influence of vertical motion on 
soil liquefaction is slight. 
The spectral ratios of hori/.ontal to vertical motion (HIV) 
at the ground surface show a substantial difference in 
horh amplitude and frequency content between the cases 
of low and strong shaking levels, suggesting that it would 
be possible to use the information of spectral ratios (H/V) 
to identify nonlinear soil behavior and site liquefaction. 
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